The Pliocene and Pleistocene sediments of the Gippsland shelf are dominated by mixed carbonates and siliciclastics. From a detailed stratigraphic study that combines conventional marine geology techniques with magnetic imagery, the Late Neogene tectonic and eustatic history can be interpreted and correlated to the onshore section. Stratigraphic analyses of eight oil and gasfield foundation bores drilled to 150 m below the seabed revealed three principal facies types: (i) Facies A is fine-grained limestone and limey marl deeper than 50 m below the seabed, of Late Pliocene age (nannofossil zones CN11-12); (ii) Facies B is a fine-coarse pebble quartz-carbonate sand that occurs 10-50 m below the seabed in the inner shelf, grading down into Facies A in wells in the outer shelf, and is of Early-Middle Pleistocene age (nannofossil subzones CN13a-14b: ca 1.95-0.26 Ma); and (iii) discontinuous horizons of Facies C composed of carbonate-poor carbonaceous and micaceous fine quartz sand occurring 10-50 m below the seabed. The sparse benthic foraminifers in Facies C are inner shelf or Gippsland (euryhaline) Lakes forms. Holocene sands dominate the upper 1.5-2.5 m of the Gippsland shelf and disconformably overlie cemented limestones with aragonite dissolution, indicating previous exposure to meteoric water. Nannofossil dating of the limestones indicates ages within subzone CN14b (dated between ca 0.26 and 0.47 Ma). Airborne magnetic imaging across the Gippsland shelf and onshore provides details of buried magnetic palaeoriver channels and barrier systems. The river systems trend south-southeast from the Snowy, Tambo, Mitchell, Avon, Macalister and Latrobe Rivers across the shelf. Sparker seismic surveys show the magnetic palaeochannels as seismic 'smudges' 20-40 m below the seabed. They appear to correspond to Facies C lenses (i.e. are Early to Middle Pleistocene features). Magnetic palaeobarrier systems trending south-southwest in the inner shelf and onshore beneath the Gippsland Lakes are orientated 15 Њ different to the modern Ninety Mile Beach barrier trend. Offshore, they correlate stratigraphically to progradation packages of Facies B. Analysis of bore data in the adjacent onshore Gippsland Lakes suggests that a Pliocene barrier sequence 100-120 m below surface is overlain by fluvial sand-gravel and lacustrine mud facies. The ferruginous sandstone beds resemble offshore Facies C, and are located where magnetic palaeoriver channel systems occur, implying Early to Middle Pleistocene ages. Presence of the estuarine bivalve Anadara trapezia in the upper lacustrine mud facies suggests that the Gippsland Lakes/Ninety Mile Beach-type barriers developed over the past 0.2 million years. Further inland, magnetic river channels that cut across present-day uplifted structures, such as the Baragwanath Anticline, suggest that onshore Gippsland uplift continued into the Middle Pleistocene.
INTRODUCTION
The Oligocene to Holocene Seaspray Group carbonates of the Gippsland Basin form a mature cool-water carbonate shelf. These carbonates act as a seal for the giant oil and gasfields offshore and, as such, have been very extensively sampled by exploration drilling (Figure 1 ). There is also an enormous industry seismic database in addition to shallow samples from engineering investigations (foundation wells for petroleum development). This industry database has recently been supplemented by data from research cruises (shallow seismic, coring and sub-bottom sampling) and geophysical surveys (particularly airborne magnetics).
This wealth of information provides an ideal opportunity to understand the development of cool-water carbonate shelves. This paper focuses on the Pliocene to Holocene sediments and the major aims are to: (i) establish a lithostratigraphic and chronostratigraphic framework for the Gippsland shelf to a depth of 150 m; (ii) correlate the *Corresponding author: g.holdgate@earthsci.unimelb.edu.au 
Figure 2
The offshore and equivalent onshore stratigraphy of the Gippsland Basin (adapted from Holdgate et al . 2000) and details of the Upper Miocene -Pleistocene onshore stratigraphy (modified from Hocking 1976) .
shallow onshore stratigraphy with that found offshore; and (iii) provide a record of the shelf architecture, tectonics and growth history for this cool-water carbonate shelf over the past 2.0 million years.
GIPPSLAND SHELF

General stratigraphy
The Gippsland Basin has been extensively studied, with much of the published literature focusing on the Latrobe Group (James & Evans 1971; Hocking 1972 Hocking , 1976 Abele et al . 1976; Rahmanian et al . 1990 ). The overlying Seaspray Group has been less extensively studied (Bernecker et al . 1997; Holdgate & Gallagher 1997; Feary & Loutit 1998; Holdgate et al . 2000; Gallagher et al . 2003; Wallace et al . 2002) .
The marls and limestones of the Seaspray Group can be subdivided into three offshore subgroups and seven corresponding onshore formations (Figure 2 ). Because the top 150-200 m of these beds is the main focus of this paper, only the Hapuka/Albacore Subgroups and their onshore facies equivalents are described below. The offshore Middle to Late Miocene Albacore Subgroup is made up of bioclastrich wackestone and packstone. This unit was deposited in a high-energy outer shelf to upper slope canyon environment . The onshore facies equivalent to the Albacore Subgroup is the 15-25 m-thick Bairnsdale Limestone and the 33 m-thick Tambo River Formation. The Bairnsdale Limestone consists of limestone and limy marl, and the Tambo River Formation consists of glauconite shelly marl, marly limestone and shelly and ferruginous fine sandstone (Holdgate & Gallagher 1997) : its inland lateral facies equivalents are lower beds of the Boisdale Formation. The Albacore Subgroup is overlain (probably disconformably) by the Hapuku Subgroup with the contact approximating to the Miocene-Pliocene boundary. The Hapuku Subgroup is characterised by basal quartz-rich siltstone overlain by carbonate-rich coarse bioclastic grainstone (Holdgate et al . 2000; Gallagher et al . 2003) . The onshore facies equivalent is the Jemmys Point Formation, which consists of up to 14 m of silty/shelly sandstone with interspersed mica-rich siltstone (Murfitt 1997) . The inferred depositional environments of the Hapuku Subgroup and Jemmys Point Formation become progressively shallower up-section. The inland lateral equivalents of these Pliocene units are the upper beds of the Boisdale Formation.
Regressions during the Pliocene and Pleistocene resulted in the deposition onshore of outwash fans, river gravels and alluvium known as the Haunted Hill Formation (Jenkin 1968; Bolger 1991) . Eustatic sea-level changes, coupled with tectonic reactivation of older compressional structures, have modified sedimentation in the present-day coastal areas.
Regional oceanographic setting
The Gippsland shelf covers 15 000 km 2 , lies between 38 and 41 Њ S off the coast of southeast Australia, and is up to 100 km across. The curved morphology of its tapering shelf break is principally determined by the occurrence of a large submarine canyon that reaches a maximum depth of 4000 m (the Bass Canyon). 
Gippsland (euryhaline) lakes
A siliciclastic barrier system separates the Gippsland shelf from a series of brackish estuarine lakes in the onshore Gippsland area (Figure 1 ). The lakes occupy an area of approximately 280 km 2 , with an average depth of less than 9 m (Apthorpe 1980). The present lake system formed in the late Pleistocene to Holocene behind sand barriers and dunes of the Ninety Mile Beach (Jenkin 1968; Thom 1984) . These lakes are euryhaline, with salinity varying from 0.3 to 5‰ where rivers enter the lakes to 20-35‰ near Lakes Entrance (Apthorpe 1980). At Lakes Entrance, the tidal range inside the channel is 0.6 m, whereas outside the channel it is greater than 1.2 m and the tidal current has a maximum surface velocity of 2.6 ms -1 during ebb (Tan 1971).
Onshore Pleistocene terraces
The detailed mainly physiographic-based mapping of the onshore Gippsland Basin by Jenkin (1968) recognises topographic-defined surfaces that correlate to Pleistocene eustatic and tectonic events. This mapping is summarised on Figure 1 . However, it was difficult to relate the Pleistocene history based on the shelf and onshore subsurface data to the onshore history as interpreted by Jenkin (1968) . This is probably because, at the time, Jenkin's data lacked any definitive way of dating the events, except by way of relative surface levels and broad lithostratigraphic correlations. 
PREVIOUS WORK ON THE GIPPSLAND SHELF
Gippsland shelf facies maps
The first facies maps of the Gippsland shelf were based on the Kimbla and Sprightly samples (Davies & Marshall 1972 , 1973 Jones & Davies 1983) . These data together with results from the Franklin and Southern Surveyor were combined by Smith (2002) to produce a contour map of percentage calcium carbonate (Figure 4 ). Seven facies types were found on the Gippsland shelf (Smith 2002) that show in more detail a broad depth control on the occurrence of the different facies types. Carbonate-poor silty sand is restricted to the Gippsland Lakes, medium to coarse quartz sand is restricted to the inner shelf, molluscan-foraminiferal-peloidal silt to very fine sand occurs on the upper slope, and Globigerina ooze occurs from the middle to lower slope.
Shallow subsurface geology
Little has been published regarding the shallow subsurface stratigraphy on the Gippsland shelf. Examples of sparker seismic lines are given in Davies and Marshall (1973) . Line drawings of sparker seismic across the adjacent part of the New South Wales continental shelf are given in Davies (1979) , but do not cross into the Gippsland Basin. Deep-water line-drawings of seismic offshore from the Gippsland shelf are figured in Colwell et al . (1987) . Esso drilled a number of engineering foundation bores on each of the main oil and gasfields, recovering a series of punch core samples from the upper 150 m of strata. The stratigraphy of these bores was not published in detail, although a description of the dinoflagellate biostratigraphy is available for the Halibut, Mackerel and Marlin fields (McMinn 1992) .
INVESTIGATION METHODS ON THE GIPPSLAND SHELF
Fourteen sediment piston cores below the Gippsland shelf seabed were obtained using equipment from the University of Sydney (Keene 1998) . The cores were logged for magnetic susceptibility, then split, logged for lithology, sampled for carbonate content, and age-dated using nannofossils. All the major Esso-BHP production platforms in the Gippsland Basin have their foundations built into the upper 50 m of shelfal sediments (Figure 1 Sparker seismic profiles were made along east to west and north to south shelf transects (Figure 1 ). Seismic details are outlined by Keene (1998) . Detailed Geological Survey of Victoria magnetic coverage of the Gippsland Basin has been reconfigured to emphasise the shallower magnetic signatures of the basin. This work provides a previously unknown image of the offshore geology during lower sea-level periods. Onshore bores and wells were logged to obtain data on the immediate subsurface geology in the Gippsland Lakes area, and onshore seismic profiles have been used to help correlate the stratigraphy between bores.
Grainsize estimations follow the Folk (1966) grainsize classification scheme. Seabed samples from the RV Southern Surveyor cruise were also used (Harris et al . 2000) . Calcium carbonate percentages were obtained using the technique outlined in Carver (1971) . et al . 1995) , together with spot sample carbonate contents and nannofossil dates. Magnetic susceptibility peaks of some of the cores are also shown.
RESULTS FROM THE SUBSURFACE INVESTIGATION OF THE GIPPSLAND SHELF
Gippsland shelf piston cores
Carbonate-poor, medium-coarse sand dominates the upper 1.5-2.0 m of the inner shelf (Figure 5, PC 4, 5, 10) . Carbonate content decreases downwards through the sand to a minimum immediately above a basal gravelly compacted high-carbonate shell hash layer where further core penetration was limited. In some piston cores carbonate-rich coarse shell hash also occurs at the top.
Across the middle to outer shelf areas, carbonate content progressively increases in both facies to 70-80% (Figure 5, (11) (12) (13) and then decreases to 65% on the upper slope (Figure 5, PC 16, 17) . In PC 6 there is no sand layer and the two shell-hash layers are separated at 0.75 m by a cemented 2 cm-thick calcarenite. Other cemented high-carbonate calcarenite horizons up to 3 cm thick occur in the lower shell-hash layer. The magnetic susceptibility profiles show magnetic highs around the boundary between the base of the sand facies and the top of the lower shell-hash layer.
Muddy, sandy and gravelly facies occur on the upper Gippsland slope. The slope sediments are distinctly different in appearance from those of the shelf due to the higher Two nannofossil dates were obtained from the lower shell-hash layer in PC 6 (middle shelf) and PC 17 (upper slope) cores. Both belong to the CN14b subzone based on the appearance of several species of Gephyrocapsa in the absence of Pseudoemiliania lacunosa and Emiliania huxleyii. The absence of these two species is unlikely to be environmental as they occur in several deeper water core samples. Based on these dates, the lower hash layer has a late Middle/Late Pleistocene age with the zonal age range between 0.47 and 0.26 Ma (Thierstein et al. 1977; Berggren et al. 1980) . The undated sand facies and upper hash layer in the upper part of the cores is interpreted to represent deposition in Holocene times. This is based on the upward increase in carbonate content, the high magnetic susceptibilities at the base of the sand facies, and the modern-day foraminiferal faunas at the seabed (Smith 2002).
The base of the sand facies probably represents the early Holocene transgression over an erosional hiatus cut during glacial sea-level lows. The cemented calcarenite bands below this boundary may be the result of subaerial exposure across the shelf. A thin section of one calcarenite band at 72 cm in PC 7 contained abundant molluscan moulds, indicating aragonite dissolution, weakly developed meniscus cements of micritic carbonate, and a fragment of what looked like ferruginous calcrete ( Figure 6a ). Meniscus cements indicate that the rock was exposed to the vadose zone (i.e. above the water-table) and aragonite dissolution indicates that the rock was exposed to meteoric water.
Gippsland shelf foundation bores in the oil and gasfields
A stratigraphic correlation of the platform bores extending from the inner shelf at Barracouta to the outer shelf at Mackerel and Flounder fields is shown on Figure 7 . The carbonate content of samples is shown as graphed bar lines, together with the results of the biostratigraphic dating. The lithologies found can be subdivided into four carbonate facies.
FACIES A
The deepest subsurface sediments comprise Facies A fine sand to silt grainsize limestone and limey marl, prevalent 50 m below the seabed to the total bore depths. Facies A usually shows a gradual upward increase in carbonate content from 60 to 80% CaCO3 near the top. Clear equant and micritic cements with either isopachous or meniscus texture occur in the upper units of Facies A (e.g. at log level 52 m in Mackerel: Figure 7 ), indicating that the upper beds of this facies were exposed to meteoric water and/or subaerial exposure. In Kingfish-B, Facies A is as shallow as 15 m below the seabed, and includes micritic calcite cements at 24.2 m ( 
FACIES C
Facies C comprises carbonate-poor fine quartz sand that may be carbonaceous and micaceous. This facies forms 5 m-thick discontinuous horizons at various levels from 10 to 50 m below the seabed. The carbonate content is generally <30-40% CaCO3. One prominent horizon occurs from 30 to 40 m in Marlin and Tuna, and splits the carbonate-rich Facies B limestone into two units. Benthic foraminifers are rare and the assemblage has a low diversity in this facies, representing deposition ranging from inner shelf to the Gippsland Lakes euryhaline environment (Mays 2001; Smith et al. 2001) . Based on the laterally discontinuous nature of this facies, its low carbonate content, its relatively high carbonaceous content and its foraminiferal biofacies, Facies C is interpreted to represent deposition in an estuarine, coastal lake or lower floodplain fluvial environment.
FACIES D
Facies D comprises low carbonate silty and clayey marl that occur from 120 to 155 m at Barracouta. In general, the carbonate content is less than 40% CaCO3. Facies D yields the oldest dates (Early Pliocene) of all the foundation bores. The benthic foraminifer assemblage of this facies suggest deposition in the outer shelf water (biofacies A of Smith 2002).
SUMMARY
Dating the facies was carried out using nannofossils and foraminifers, although the nannofossils provide better biostratigraphic resolution for the Pliocene to Holocene period compared to the foraminifers. Thirty-five nannofossil dates from the various facies were obtained by Shafik (2000) , supported by Mays' (2001) and Smith's (2002) foraminifer dates from Barracouta, Tuna, Flounder and Mackerel. The interval between horizons sampled for biostratigraphy was 20-40 m in Barracouta, Marlin, Flounder, Halibut, Mackerel and Kingfish. The oldest strata dated were Early Pliocene in age (belonging to nannofossil subzone/zone CN10d-CN11) at 154.5 m in Barracouta (Facies D), and the youngest date obtained was Late Pleistocene (probably nannofossil zone CN15) for log level 17.5 m in Halibut (Facies C). The biostratigraphic resolution was relatively poor as a result of the shelfal nature of the facies because nannofossils and planktonic foraminifers were relatively rare. A shelfal environment for most of the carbonates was interpreted based on benthic foraminiferal assemblages (Smith 2002) . The palaeoenvironments for the four facies ranged from: outer shelf for Facies A at bore depths between ~150 and 80 m; middle shelf for Facies B at bore depths from 80 to ~40 m; and inner shelf for Facies C at bore depths from 40 to ~2 m ( Figure 7 ).
Gippsland shelf seismic profiling
The RV Franklin (1998) sparker seismic acquisition ( in the inner shelf to >40 m in canyon heads on the outer shelf. A locally discordant 'middle Pleistocene reflector' approximately midway through the upper unit contains some channel-like depressions and seismic 'smudges' that correspond to the plotted positions of airborne-magnetic images of fluvial channel-like features. When correlated with the foundation bores the upper unit is comprised mainly of Facies B quartz-carbonate sand with some carbonate-poor Facies C horizons infilling channels such as at Halibut (Figure 10 ). The upper unit overlies a lower unit of folded strata at an angular unconformity. This 'early Pleistocene reflector' boundary (Figures 8-10 ) when correlated to the foundation bores comprises the top of Facies A limestones, although at the inner shelf at Barracouta/ Snapper/Marlin the 'early Pleistocene reflector' overlies interbeds of Facies A-C (Figure 8) .
Anticlines in the lower unit correspond to deeper structures that have been drilling targets (e.g. Tarwhine, Bream and Nannygai structures: Figure 8 ). In other parts of the shelf the two units are probably near conformable. The 'early Pleistocene reflector' includes several channellike seismic 'smudges' that correspond to airbornemagnetic images of fluvial channel-like features. The correspondence between magnetic channels and seismic smudges suggests that 'early and middle Pleistocene reflectors' may be former land surfaces incised by braided streams during glacial lowstand periods.
Gippsland shelf magnetic survey
The Geological Survey of Victoria magnetic imagery of the Gippsland Basin has been enhanced on Figure 11 to show Pliocene to Holocene features that include barrier and fluvial-like images (Figures 12, 13) . Other features apparent are shallow basement to the north and south, and the oil and gas pipelines and wellhead/platform structures.
MAGNETIC BARRIER FEATURES
Magnetic barrier features occur in a zone 50 km wide and underlie the Gippsland Lakes and the immediate offshore area, between Sale and the Barracouta gasfield (Figure 12 ). They trend north-northeast-south-southwest between Bairnsdale in the north and Woodside in the south over a strike length of 120 km. The barriers have a curvilinear trend of 030Њ, which is orientated approximately 15Њ from the present-day (non-magnetic) 045Њ Ninety Mile Beach trend. They lack any surface expression onshore or any seabed expression offshore, and no surface radiometric signature is detected. Because their trends differ from the modern barriers, we consider them to be buried barrier trends. Some transgress from onshore in the north to offshore in the south. As noted by Dickinson et al. (2001) for similar Otway Basin magnetic barriers their distinctive Dickinson et al. 2001 Dickinson et al. , 2002 . Similar to the Hanson Plain examples, the magnetic signature often has a closely spaced double pattern that probably represents ferricrete development in the swales on each side of a dune ridge. The magnetic barriers are absent from the shelf area immediately south of Lakes Entrance, and around the Tarwhine well. This is interpreted to be the result of uplift and erosion.
Onshore, the barriers are absent northeast of the Mitchell River where shallow and outcropping basement rocks occur. Elsewhere they can be traced across the Baragwanath Anticline to the south, where they overlie shallow Eocene coal measures and/or Miocene Gippsland Limestone. Here, the upper units of the barriers probably outcrop in several sand quarries on the edge of the Rosedale Monocline. Coal exploration bores drilled across one magnetic lineament encountered a barrier sand sequence with a basal ferruginous-cemented interval overlying the Miocene Gippsland Limestone and Eocene Latrobe Valley Group coal measures (Figure 14) . Younger movements on the Baragwanath Anticline have exhumed the Pliocene barriers.
A weak magnetic barrier lineament set that trends eastnortheast occurs south of the Bream-Kingfish oilfields area and north of Tuna field (Figure 12) . A similar trend to a (non-magnetic) geomorphic dune set occurs in the onshore Stratford to Bairnsdale area and these features are interpreted to be last-glacial dune blowouts from the Avon River flood plain (Jenkin 1968) . By analogy we suggest that the offshore weakly magnetic lineaments were caused by wind-directed dune blowouts on the Gippsland shelf during Pleistocene lowstands. This is because, in general, their positions occur adjacent to the major fluvial trends (cf. Figures 12 and 13) .
MAGNETIC FLUVIAL FEATURES
Magnetic fluvial features that show overlapping meander channels and oxbow loops underlie the Gippsland Lakes, and all of the offshore Gippsland shelf area from Sale to the continental slope edge (Figure 13 ). These features trend south-southeast offshore and are related to the modern-day rivers in Gippsland with dominant trends coming from the Snowy River, Ironstone Creek, Nicholson-Tambo Rivers, Mitchell River, Avon-Perry Rivers, and the ThompsonMacalister Rivers/Merrimans Creek. Some of the fluvial trends have a stronger magnetic signature. Together with the overlapping of meander loops, this suggests several horizons of different ages for these deposits. Ferruginous cementation near channel bases may cause the fluvial magnetic signatures. Like the magnetic barriers, these features have no recent geomorphic expression onshore or bathymetric expression offshore, but in the Bairnsdale to Lakes Entrance area they appear to reflect the gross strike of the underlying Palaeozoic rocks. In addition, their onshore trends are more southerly than the eastorientated modern rivers (with the exception of some weakly magnetic channels beneath the Mitchell River floodplain). We consider them to represent earlier underlying river trends that have been cemented by iron oxide (ferricrete), characteristic of periods of floodplain deposition that extended across the continental shelf during glacial lowstands. They are notably absent in an offshore area to Lakes Entrance, and around the Barracouta to Tarwhine fields, probably because of tectonic uplift and accompanying erosion, or tectonic uplift and fluvial bypass. Younger sediments overlie the equivalent levels in these areas. Where the sparker lines of the RV Franklin survey intersect these features, they appear as <500 mwide seismic 'smudges' from 20 to 40 m below the present seabed (Figures 8, 9 ). In the outer shelf areas the fluvial features swing southeast towards Bass Canyon feeder branches along the continental shelf edge where seismic data show a thicker sequence of Pleistocene age (Figure 10) .
Onshore, the magnetic fluvial features are mostly absent beneath the Haunted Hill Formation terraces between Stratford and Bairnsdale, although they appear on the southern edge of the terraces where they have a southerly orientation beneath the Gippsland Lakes. Magnetic channels in line with the Avon/Perry and Thompson/Macalister Rivers appear to trend south across the Baragwanath Anticline, although their signature appears to be absent along the anticline crest. One magnetic channel of the Thompson-Macalister-Merrimans River system was intersected in the Gifford-14 bore at log level 88 m near Seaspray (Figure 15 ). Their absence from the Baragwanath Anticline crest suggests that they have been eroded from this feature during subsequent uplift periods and, therefore, are younger than the magnetic barriers that are still present. Where the fluvial and magnetic barriers co-occur spatially, it appears they are two stratigraphically unrelated systems because they do not show interference and the barriers are thought to be older than the rivers.
Onshore Gippsland Lakes area stratigraphic drilling
In the onshore Gippsland Lakes area, four stratigraphic bores shown on Figure 1 have good core recovery from the upper 160 m of Pliocene to Holocene strata. Logs of these bores are shown on Figure 15 together with their stratigraphic correlation, principle facies, depositional environments and ages.
Outcrops of marine carbonates and barriers of the Pliocene Jemmys Point Formation occur at Lakes Entrance and Red Bluff, and have equivalent ages to the top of Facies A in the offshore Barracouta bore, and are also interpreted to be the same age as some of the magnetic barriers in the Gippsland Lakes area (Figure 12 ). The Jemmys Point Formation at Lakes Entrance and Red Bluff has been uplifted relative to the same units that occur in bores in the Lake Wellington/Seaspray Depressions. In the depressions the Jemmys Point Formation top-of-thebarrier sequence in Boole Poole-1 is at -40 m, Bengworden South-6 at -102 m, Nuntin-2 at -92 m (disconformably overlies Upper Miocene Tambo River Formation), and Giffard-14/15 at -110 m. Uplift of the barriers on the Baragwanath Anticline to +50 m (Figure 14) occurs off the section line between Nuntin-2 and Giffard-14/15.
Overlying the Pliocene barriers are a series of interbedded fluvial-lacustrine and barrier sequences up to 110 m thick (Figure 15 ). The initial ferruginous cemented coarse to pebbly sand (Fluvial 1) we consider to be one of the sources for the fluvial magnetic signatures on Figure 13 , and their pervasive ferruginous cementation was probably caused by periods of prolonged subaerial exposure. In outcrop at Red Bluff, similar ferruginouscemented coarse fluvial sediments are known as the Nyerimalang Formation. A stratigraphically higher ferruginous coarse-pebbly fluvial sequence-Fluvial 2 (between log levels -40 and -70 m in Bengworden South-6)-is interbedded with lacustrine silty clay facies.
The lower Gippsland Lakes 1 beds in Figure 15 represent a Late Pliocene -Early Pleistocene lacustrine facies for this area and generally occur from -70 to -90 m log levels. They include upper beds of the Nuntin Clay Member (of the Boisdale Formation) in the type Nuntin-2 bore where they overlie (at 84 m) coals and fluvial sediments of probable Late Miocene age C. bifurcatus spore-pollen zone (Partridge 1999). The upper 40 m of the Nuntin Clay Member comprises 25 m of calcareous clay and mud (Gippsland Lakes 2 unit in Figure 15 ) that in Bengworden South-6 contains common molluscs such as the brackish water Anadara trapezia. This taxon is considered to have first appeared in southern Australian estuaries around ca 0.22 Ma (Murray-Wallace et al. 2000) . In Bengworden South-6 bore two estuarine periods are present interbedded by fluvial units at 35 m. At log level 20 m this estuarine facies is overlain by a younger Holocene fluvial-lacustrine and barrier sequence, which in adjacent bores has been dated by C 14 as <10 ka BP (Thom et al. 1981) . In the Gippsland Lakes, sub-bottom profiling and vibrocore data indicate that the lacustrine mud deposition continues through to the present day.
Onshore Gippsland seismic
In general in the Gippsland Basin petroleum seismic survey, data quality is poor for the upper 0.3 s (most relevant interval to this study). The exception to this is the 1988 24-fold vibroseis survey by TCPL Resources completed in the Sale area. This survey provided good images of the upper 0.3 s with the most useful dip line of the survey, TR88-1 (Figure 16 ), extending southeast for 15 km between the Thompson River to near Lake Wellington (Figure 12 ). This is also an area where a number of groundwater and stratigraphic bores provide good subsurface controls for the seismic data.
On seismic line TR88-1 (Figure 16 ), barrier-sand buildups in the upper 0.3 s prograde southeast into marine limestone and marl. Flat-bedded back barrier lacustrine clay intervals occur behind (northwest) each barrier. Each prograde is diachronous, oversteps to the southeast and forms a regressive series. Positions where prominent sand barrier buildups occur, such as at Nuntin-5 bore, also coincide with areas where prominent magnetic barrier lineaments occur (Figure 12 ). Foraminiferal age data from bores indicate that the sand barriers at Wurruk Wurruk-1/13 to the northwest have a foraminiferal zone age of N8a (early Middle Miocene) and are part of the upper Gippsland Limestone (Holdgate & Gallagher 1997). They progressively young to the southeast, and at Nuntin-2/6 are foraminiferal zone N16-17 (Late Miocene age), belonging to the Tambo River Formation. This trend is thought to continue beneath the Gippsland Lakes, and offshore sparker line 21 shows southeast prograding out to the Barracouta area (Figure 8) . The Barracouta area also corresponds to the maximum offshore extent of the magnetic barriers where age data suggest the prograding interval could be Early Pleistocene in age. Therefore, the regressive series of seismic and magnetically defined barriers appear to have first developed in the Sale area in the Middle Miocene, then moved progressively southeast through the Late Miocene to near Lake Wellington, underlay the Ninety Mile Beach area by the Early Pliocene, prograded offshore by the Late Pliocene, and reached the Barracouta area by the Early Pleistocene (Figure 12 ).
DISCUSSION
A summary of the relationship between the onshore and offshore stratigraphy of Gippsland for the past 2.0 million years is shown on Figure 17 . Also plotted is the composite O 18 isotope record (Shackleton et al. 1995; Carter et al. 1999) , magnetic record and nannofossil zones for comparison. The detailed lithostratigraphic and biostratigraphic data can be used to establish Late Neogene tectonic and eustatic records for the Gippsland Basin. 
Age of the offshore Gippsland shelf Plio-Pleistocene succession
Biostratigraphic ages follow broad lithostratigraphic subdivisions as the following examples show.
Facies A between 40 and 150 m below the seabed yields nannofossil ages of Middle to Late Pliocene (zones CN11 and 12) and Early Pliocene (zones CN10d and 11) in Barracouta. However, the horizons that yield Early Pliocene nannofossil ages near the base of Flounder and Mackerel bores also contain contradictory Late Pliocene foraminiferal ages. It is important to note here that moderate to poor preservation of key nannofossil species was noted. Therefore, in these instances the nannofossil ages are suspect and the foraminiferal ages are used. The interval below ~40 m below the seabed also corresponds to the deepest outer shelf foraminiferal biofacies A of Smith (2002) .
Facies B between ~50 and 20 m below the seabed in Barracouta and Snapper yielded poorly preserved nannofossils of probable Early Pleistocene age (subzones CN13a and 13b). Carbonate-poor Facies C also first occurs in the Figure 17 Summary diagram relating the onshore and offshore Gippsland Basin Upper PliocenePleistocene stratigraphy placed alongside the composite isotope record with isotope stages (after Shackleton et al. 1995; Carter et al. 1999) together with the magnetic zones and nannofossil zones.
Early Pleistocene (subzones CN13a and 13b) in the Snapper bore at 46 m and in Marlin bore at 38 m (Figure 7) . The equivalent Facies A intervals between ~75 and 30 m below the seabed in Tuna, Flounder, Halibut, Mackerel and Kingfish bores also yield Early Pleistocene ages (subzones CN13a and 13b). This age is confirmed by the appearance of the key index Pleistocene foraminiferal species Globorotalia truncatulinoides at 78 m in Flounder. This interval was deposited at middle shelf (50-100 m) palaeodepths (biofacies B of Smith 2002). These Early Pleistocene ages all underlie the 'early Pleistocene reflector' and occur within the folded lower unit (Figures 8-10 ). Early to Middle Pleistocene ages (nannofossil subzones CN13b-14a) were obtained just above the 'early Pleistocene reflector'.
Early to Late Pleistocene ages (subzones CN13b-14a and zone CN15) were obtained for the upper 40 m below the seabed principally in Facies B, and in part of Facies A in Kingfish. This interval was deposited at inner shelf (0-50 m) palaeodepths (biofacies C of Smith 2002), with many discontinuous horizons of carbonate-poor Facies C. This interval is also characterised by the coarsest sand to pebbly Facies B horizons. Based on the nannofossil age data it is inferred that over much of the Gippsland shelf the Middle Pleistocene extends to within a few metres of the seabed, this is in turn overlain disconformably by a veneer of Holocene carbonate sand and shell hash.
The upward increasing carbonate content in the Holocene sand immediately above this disconformity horizon (with evidence for subaerial exposure) is interpreted to have formed during the post-glacial sea-level rise from ca 10-6 ka BP, with the upper shell hash representative of the past 6000 years of relatively stable sea-level. If so, this provides for a total Holocene sedimentation rate of up to 23 cm/1000 y ( Figure 5 , PC 5)-a slower depositional rate than the middle shelf mud on the New South Wales shelf (Thom & Roy 1985) .
The piston cores show similarities to the 'shaved shelf ' model of the Great Australian Bight (James et al. 1994) . In this model earlier highstand deposits, such as the last interglacial, are eroded completely during the last glacial lowstand period, and on wave-dominated high-energy platforms sedimentation rates stay low. On the Gippsland shelf the youngest carbonate facies appears to be, in general, around 0.2 Ma, and is overlain by a Holocene carbonate-siliciclastic veneer. Therefore, a period of subaerial weathering and erosion appears to have dominated the Gippsland shelf history over the past 0.2 million years. By contrast, cores collected by RV Franklin cruise on the Gippsland slope and Bass Canyon floor show that Late Pleistocene to Holocene nannofossil carbonate sediments are present. This indicates that sedimentation over the past 0.2 million years occurred in deeper waters where sedimentation rates are higher and where preservation below wave-base was more complete.
Age of the onshore Gippsland Lakes Plio-Pleistocene succession
The lower Gippsland Lakes 1 unit (Figure 15) represents some of the earliest Pleistocene lacustrine facies for the Gippsland Lakes area. The strata overlie ferruginous Lower Pliocene units that include the Jemmys Point Formation, Jemmys Point sand barriers and PlioceneLower Pleistocene fluvial gravels of the Nyerimalang Formation. In some bores the Gippsland Lakes 1 unit unconformably overlies Upper Miocene Boisdale Formation (e.g. at Nuntin-2: Figure 15 ). Offshore the equivalent age clastic progradation units are as young as the earliest Pleistocene (nannofossil subzone CN13a) and these progradational Facies B and C extend out to Barracouta and Snapper (Figure 7) .
The interbedded barriers-1 and fluvial-1/fluvial-2 units represent the main period for magnetic channel development both onshore and offshore. We consider ferruginous cementation continued in the coarser channel units until the Late Pleistocene at ca 0.25 Ma. Calcareous clay and mud (Gippsland Lakes 2 unit) post-date this age and are mainly confined to the onshore region behind the relatively recent precursors of the modern Ninety Mile Beach barrier. The relative scarcity of post-0.25 Ma siliciclastic sediment on the Gippsland shelf indicates that Late Pleistocene fluvial sedimentation was largely trapped behind the Ninety Mile Beach barrier during sea-level highstands, but might have bypassed the shelf during sea-level lowstands, and was deposited as turbidites on the Gippsland slope and into the Bass Canyon.
Ages of the magnetic barriers
On the seismic line (Figure 16 ) near the Nuntin-5 bore, stacked barrier sequences occur within 0.05 s (TWT) of the surface. This position corresponds to the maximum inland extent of the magnetic barrier lineaments shown on Figure 12 . Ferruginous cementation of this barrier at Nuntin-5 as a result of prolonged subaerial exposure probably caused the magnetic signature. Northwest of this barrier sequence are thick units of lacustrine clay in Sale-15 and Wurruk Wurruk-1/13 bores referred to as the Nuntin Clay Member of the Boisdale Formation (Hocking 1976) . Southeast of Nuntin-5, lacustrine clays overlie and onlap the barrier, and in the Nuntin-2/6 bores were also included as part of the Nuntin Clay Member (Hocking 1976) (Gippsland Lakes 1 unit on Figure 15 ). As the two lacustrine sequences are unconnected and are separated by a seismic disconformity along the top of the Tambo River Formation barrier, a redefinition of this unit is required. This seismic disconformity has also previously been interpreted as a tectonic boundary at the Miocene-Pliocene boundary (Dickinson et al. 2001 (Dickinson et al. , 2002 .
We believe this southeastwards progradational facies pattern continues to the coast and offshore. If this is the case then it is probable that Jemmys Point Formation barriers should appear east of Nuntin-2/6 corresponding to a group of strongly magnetic barriers through the Bengworden South-6 bore ( Figure 12 ). These lineaments show a slight difference in curvilinear orientation to those of the Tambo River Formation, but coincide with the maximum inland extent of the Jemmys Point Formation. The barrier systems appear to continue to young towards the southeast and offshore because at Barracouta, at the point of maximum regression, they are dated as earliest Pleistocene (nannofossil subzone CN13a: Figure 7) . The presence of the Nuntin Clay Member/Gippsland Lakes 1 beds underlying the modern Gippsland Lakes and Ninety Mile Beach also implies that the equivalent barrier successions had moved offshore by the Late Pliocene to Early Pleistocene. The maximum offshore extent of magnetic barriers occurs at Barracouta because Facies B inner shelf carbonates of Late Pliocene -Early Pleistocene (nannofossil zone age CN 13) are only found seawards of these features (Figures 7, 12) .
Tectonics, unconformities and the 'shaved shelf' concept
The inner shelf appears to contain a highly condensed or missing record of Early to Middle Pleistocene age (e.g. Barracouta: Figure 7 ) because of the prograding nature of the shelfal facies, together with the occurrence of unconformities such as the 'early Pleistocene reflector'. In the middle to outer shelf areas the succession is more complete, extending to the late Middle Pleistocene (nannofossil subzone CN14b) with a Holocene veneer. At the head of the Bass Canyon at Halibut, Early to Late Pleistocene strata (nannofossil subzone CN13b to zone CN15) are present above the 'early Pleistocene reflector' (Figure 7) .
With the exception of the deeper water canyon heads, such as that at Halibut, tectonic folding and subaerial erosion appears to have locally affected parts of the stratigraphic section below the 'early Pleistocene reflector'. The oldest beds deposited on the 'early Pleistocene reflector' surface are carbonate-poor Facies B and Facies C of nannofossil subzones CN13b-14a. Folding, therefore, appears to have ceased at ca 1.0 Ma if a median age point for the CN13b-14a nannofossil subzones is assumed. This time corresponds to the first appearance on the shelf (above the 'early Pleistocene reflector') of magnetic fluvial channels (and seismic 'smudges') and thick carbonate-poor Facies C lenses. We infer from this that the earliest magnetic channels could correspond to the Isotope Stage 22 lowstand (Figure 17 ). However the majority of the magnetic channels appear on the shelf immediately above the younger 'middle Pleistocene reflector' and, therefore, date to the Middle Pleistocene (middle part of the nannofossil subzone CN14a). Therefore, these features could relate to the Isotope Stage 16 lowstand between 0.7 and 0.6 Ma (Figure 17) . The latest magnetic channels may be as young as nannofossil zone CN14b, possibly formed during Late Pleistocene lowstand Isotope Stages 10 and 8 (0.4-0.25 Ma) (Figure 17) .
The Pleistocene sedimentary record of much of the Gippsland shelf to water depths of 190 m, from the data available, appears to largely cease at around 0.25 Ma. Piston core data shows a significant hiatus between the upper few metres of Holocene carbonates and a weathered surface on a late Middle Pleistocene nannofossil subzone CN14b (or older) carbonate unit ( Figure 5 ). Evidence of continuous sediment accumulation after the late Middle Pleistocene was only found at the head of the Bass Canyon. We suggest that the high-amplitude lowstand and highstand eustatic sea-level changes during Late Pleistocene Isotope Stages 6 through to Stages 4 and 2 eroded much of the shelf (with the exception of the deeper canyon heads), exposing the carbonate surfaces to subaerial weathering processes. This surface is possibly equivalent to the shaved shelf surface of James et al. (1994) in other southern Australian basins. The Gippsland shelf became sediment starved during the Late Pleistocene. During highstands, fluvial sediments were confined to the developing Gippsland Lakes systems behind Late Pleistocene (Ninety Mile Beach-type) barriers, and during lowstands the sediments bypassed the shelf and were deposited as turbidites through canyon heads onto the slope and Bass Canyon. In between, high wave-energy transgressions and regressions across the shelf shaved the shelf clear of unconsolidated highstand deposits down to exposed subaerial cemented surfaces that were more resistant to erosion.
Association between tectonics and the magnetic fluvial channels in the onshore succession
In contrast to the post-1.0 Ma tectonically quiescent phase offshore, folding onshore appears to have continued into the late Middle Pleistocene (ca 0.5 Ma) or later. Magnetic fluvial channels of the Thompson/Macalister/Latrobe River system can be seen to cross over the modern geomorphic expression of the Baragwanath Anticline and its north-bounding Rosedale Fault, and continue southwards offshore at Seaspray (Figure 13 ). Uplift of the Baragwanath Anticline (a feature that is elevated along its crest from 30 to 60 m above the present-day Latrobe River floodplain) has resulted in the erosion of the magnetic fluvial channels and exhumed the underlying Pliocene barriers (Figures 12, 14) . Because of this uplift the modern Thompson, Macalister and Latrobe Rivers have been diverted eastwards to the Gippsland Lakes. As we infer that the magnetic channels that cross the Baragwanath Anticline are likely to be Early to Middle Pleistocene, as in the offshore, then the youngest age of uplift post-dates this time. The development of the Gippsland Lakes 2 unit (based on the first occurrence of the estuarine bivalve Anadara trapezia) and Ninety Mile Beach barriers would also, in general, post-date this uplift. Therefore, the last uplift on the Baragwanath Anticline could be slightly older than the 0.2 Ma age obtained for the Gippsland Lakes 2 beds. In contrast, the Early to Middle Pleistocene uplift was of the order 30-60 m relative to the modern floodplain with an additional 30-40 m of subsidence taking place beneath the Gippsland Lakes area (top of fluvial-3: Figure 15 ). This provides for a total Rosedale Fault movement of between 60 and 100 m over the Early to Middle Pleistocene (1.5-0.25 Ma), or between 5 and 8 cm/ 1000 y.
Quaternary fluvial magnetic signatures on other continental shelves
A similar suite of fluvial magnetic signatures to the Gippsland shelf occurs in the southwest Joseph Bonaparte Gulf in northwest Australia (Clarke & Ringis 2000) . These appear to be another published example where detailed aeromagnetic data have been used to reveal Quaternary lowstand fluvial distributions on the Australian continental shelf. The scarcity of this type of data is due to a combination of factors including: (i) detailed aeromagnetic data are not, in general, applied in offshore studies; (ii) detailed aeromagnetic surveys as collected over the Gippsland Basin and northwest Australia shelf margins are relatively recent and expensive, and tend to be targeted at petroleum or mineral exploration activity; and (iii) a good contrast needs to exist between the magnetic siliciclastic features and high-carbonate (non-magnetic) surrounding sediments. These factors occur in the Joseph Bonaparte Gulf where detailed aeromagnetic surveys indicate palaeovalleys off the Ord, Berkeley and Thorburn Rivers (Gunn et al. 1995a, b) that were later investigated for detrital diamond deposits (Clarke & Ringis 2000) . The magnetic signature was thought to result from discontinuous concentrations of detrital magnetic material in the thalwegs of the channels. However, correlation between magnetics and the (relative to Gippsland) more detailed boomer seismic surveys were not always good because of superimposition of different generations of channel, and a lack of magnetic grains in some channels. We presume this is also the case in Gippsland if more detailed sparker/ boomer seismic surveys were to take place. Our data suggest multiple channel generations and variable magnetic intensities, although we consider that ferruginous channel fill is more likely to be causing the magnetic signature. The Gippsland shelf examples are also older than the Joseph Bonaparte Gulf examples that are mainly dated to the Late Pleistocene last glacial lowstand, implying an ageing factor to the degree of cementation in Gippsland. We conclude that magnetic surveys should be useful to discern Quaternary lowstand fluvial and barrier features on many other parts of the carbonate shelves of the Australian continental margin.
CONCLUSIONS
The study combines bore, piston core, seismic and magnetic data to produce the following Plio-Pleistocene tectonic and eustatic history of the Gippsland shelf.
(1) A Pliocene -Early Pleistocene magnetic barrier system underlies the modern Gippsland Lakes and Ninety Mile Beach and extends to the Barracouta gasfield offshore. Onshore, the inland extent of these features corresponds to the inland extents of the marine Tambo River and Jemmys Point Formations.
(2) Prograding shelf facies to the magnetic barriers consist of Facies A and B marine carbonate sediments. Discontinuous horizons of lowstand magnetic fluvial channels and Facies C estuarine deposits of Early to Middle Pleistocene age occur across the shelf and are interbedded with Facies B carbonates. They are believed to relate to Isotope (lowstand) Stages 22, 16, 10 and 8.
(3) A period of folding in the offshore is interpreted to have ceased around 1.0 Ma and is marked by the seismically defined 'early Pleistocene reflector'.
(4) The Baragwanath Anticline was uplifted to its present height of ~60 m above present sea-level prior to 0.2 Ma, changing the onshore fluvial channel orientations from southerly to easterly for rivers such as the Thompson, Macalister and Latrobe. At this time Pliocene barriers were exhumed along its crest. At the same time the Gippsland shelf was uplifted to the north around 0.2 Ma, reorientating pre-existing barriers to the modern trends.
(5) On the Gippsland shelf the youngest carbonate facies is around 0.2 Ma and is overlain by a Holocene carbonate-siliciclastic veneer. Periods of subaerial weathering and high-energy wave-cut erosion have dominated the Gippsland shelf history over the past 0.2 million years.
(6) The Gippsland shelf became sediment starved by the Late Pleistocene when highstand fluvial sediments were trapped within the developing Gippsland Lakes systems and Ninety Mile Beach-type barriers. The post-0.2 Ma modern Gippsland barrier and fluvial facies are non-magnetic because they lack Late Pleistocene ferruginous cementation that characterises this facies in tropical northern Australia.
